This device utilizes single mode polarization maintaining optical fibers to generate the pair of laser beams required by diffraction moire interferometry. Design of the device permits extremely rapid and convenient setup for measurement of in -plane displacement distributions on the surfaces of specimens.
INTRODUCTION
In recgn4 years, a type of interferometry has been popularized by Daniel Post and others at Virginia Polytechnic Institute and State University. Consisting essentially of a technique for observing the distortions and defects in diffraction gratings, the method has provided a new and useful method for measuring in -plane displacements.
In practice, one first replicates a diffraction grating onto a specimen which may consist of almost any material. This grating is then illuminated with a pair of mutually coherent laser beams (Fig. 1) .
Each beam interacts with the grating to generate one or more diffracted beams, one of which can be made to exit perpendicular to the grating by properly selecting the incident beam angle.
There are thus two coherent laser beams which exit the grating in a more or less collinear fashion and hence interfere to produce a fringe pattern.
If the incident laser beams are relatively free of aberrations and the grating is perfect, then the fringe pattern can be adjusted (by adjusting the incident beam angles) to be very coarse, perhaps even having only one fringe across the entire pattern.
This minimal fringe set is called the null pattern.
To utilize this interferometer as a measurement device, one assumes that as the specimen to which the grating is attached deforms, the grating will also deform; this will, in turn, distort the diffracted beams and generate fringe patterns that deviate from the null pattern more and more as the deformation increases. It can be shown that a particular point in the two -dimensional fringe pattern has a one -to -one correspondence with a single point on the specimen surface, and the relative phase of the fringe at that location accurately represents the relative distortion in the specimen at the corresponding point beneath the grating.
There have been many papers describing various aspects of diffraction moire interferometry, but Reference 7 is perhaps the best overview. 
INTERFEROMETERS
Numerous optical arrangements have been used or suggested for diffraction moire, some with broad usefulness, others having only limited value.
In most cases, one is clearly generating two laser beams of good quality and then using them to illuminate the specimen grating at carefully controlled angles.
Some very elegant methods which have the advantage of considerable optical simplicity have been used to produce these In recent years, a type of interferometry has been popularized by Daniel Post and others 1 " 7 at Virginia Polytechnic Institute and State University. Consisting essentially of a technique for observing the distortions and defects in diffraction gratings, the method has provided a new and useful method for measuring in-plane displacements.
In practice, one first replicates a diffraction grating onto a specimen which may consist of almost any material. This grating is then illuminated with a pair of mutually coherent laser beams (Fig. 1) . Each beam interacts with the grating to generate one or more diffracted beams, one of which can be made to exit perpendicular to the grating by properly selecting the incident beam angle. There are thus two coherent laser beams which exit the grating in a more or less collinear fashion and hence interfere to produce a fringe pattern. If the incident laser beams are relatively free of aberrations and the grating is perfect, then the fringe pattern can be adjusted (by adjusting the incident beam angles) to be very coarse, perhaps even having only one fringe across the entire pattern. This minimal fringe set is called the null pattern.
To utilize this interferometer as a measurement device, one assumes that as the specimen to which the grating is attached deforms, the grating will also deform; this will, in turn, distort the diffracted beams and generate fringe patterns that deviate from the null pattern more and more as the deformation increases. It can be shown that a particular point in the two-dimensional fringe pattern has a one-to-one correspondence with a single point on the specimen surface, and the relative phase of the fringe at that location accurately represents the relative distortion in the specimen at the corresponding point beneath the grating. There have been many papers describing various aspects of diffraction moire interferometry, but Reference 7 is perhaps the best overview.
Numerous optical arrangements have been used or suggested for diffraction moire, some with broad usefulness, others having only limited value. In most cases, one is clearly generating two laser beams of good quality and then using them to illuminate the specimen grating at carefully controlled angles. Some very elegant methods which have the advantage of considerable optical simplicity have been used to produce these Many of these require optical components, either mirrors or diffraction gratings to be in close proximity to the specimen, which is often impossible or undesirable due to other fixtures or the environment. These methods also lack a certain amount of flexibility, are clumsy to mount, or must be built anew for each test.
At the Idaho National Engineering Laboratory (INEL), we have an ongoing program requiring both material deformation measurements and diffraction grating evaluation. These are frequent, and the expense and bother of rebuilding an interferometer for each test is prohibitive, as is dedicating space for a permanent installation due to the need to run other experiments.
In any case, diffraction moire tests are performed in several different labs and even at remote sites.
We have therefore designed and built a portable diffraction moire interferometer (Fig. 2) which retains much of the flexibility possible by custom building an interferometer for each experiment, yet which allows storage of the device in a limited space until needed. Setup time, including alignment, can be as short as 10 minutes, depending on other factors in the experimental arrangement. 
Design goals
We wanted a device which could be stored easily yet be put into service in a short time and would give high quality data. The device was required to be stable enough Preparation and use of diffraction gratings in diffraction moire interferometry.
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At the Idaho National Engineering Laboratory (INEL), we have an ongoing program requiring both material deformation measurements and diffraction grating evaluation. These are frequent, and the expense and bother of rebuilding an interferometer for each test is prohibitive, as is dedicating space for a permanent installation due to the need to run other experiments. In any case, diffraction moire tests are performed in several different labs and even at remote sites. We have therefore designed and built a portable diffraction moire interferometer (Fig. 2) which retains much of the flexibility possible by custom building an interferometer for each experiment, yet which allows storage of the device in a limited space until needed. Setup time, including alignment, can be as short as 10 minutes, depending on other factors in the experimental arrangement.
THE INEL PORTABLE DIFFRACTION MOIRE INTERFEROMETER

Design goals
We wanted a device which could be stored easily yet be put into service in a short time and would give high quality data. The device was required to be stable enough that it could be shipped easily to remote sites and used without significant realignment.
The operation must be simple enough so that those without a background in optics could use the system for diffraction moire without extensive training. Finally, the system must be flexible enough to perform most of the types of measurement performed by diffraction moire and to be enhanced by any of several useful methods such as phase shifting.
Since we routinely use gratings having a variety of groove spacings, which require different incident beam angles, we rejected the concept of having a fixed interferometer.
We therefore decided to utilize optical fiber devices to transport the beams since such fibers permit one to move the output collimators without losing critical beam alignments. The final design has proven to be flexible, useful, and extremely stable. The device has been shipped on numerous occasions by air freight and has arrived without requiring alignment.
Mechanical design
The interferometer consists of a rigid box ( Fig. 1 ) that contains the more delicate components and supports rails along which a pair of collimating lenses can be moved to adjust for the distance to the specimen. Each lens is mounted on a rotary device so that the beam angle can be accurately set. The optical fibers are protected by shrouds and flexible sheaths which run to the collimating lens assemblies. Critical focusing and alignment requirements are provided for by subassemblies. Provisions are made for attachment of video or film cameras. Large format images can be made using a free standing camera.
Exposure times of 1/250 sec are typical using 4 x 5 inch Tri -X film and the normal portable moire system having a 10 -mW HeNe laser. An integral power strip is provided for use with cameras, auxiliary lights, or other accessories.
Whenever possible, commercial components have been used to reduce complexity and simplify design and repair requirements.
Optical Design
The optical components consist of a laser, beam expander, laser -to-optical fiber coupler, single mode, polarization maintaining fiber optic coupler (i.e., beam splitter), pair of output fibers, and pair of collimating lenses (Fig. 3 ).
Laser
Although any laser is suitable so long as it meets the requirements of polarization, coherence, wavelength, and beam quality, practical considerations limit the choices to just a few.
In particular, HeNe and diode lasers are desirable due to small size, low power requirements, good coherence, and the general availability of optical components and sensors suitable for use at these wavelengths.
We have to.date built fiber optic diffraction moire interferometers utilizing HeNe, diode, and argon ion lasers, although the latter was not easily portable. Additionally, we have designed non -fiber moire interferometers using pulsed ruby lasers for dynamic deformation measurements.
It is quite feasible to put the laser at a remote location and conduct the laser beam to the interferometer via a long optical fiber. This latter approach may be desirable if a laser produces excessive heat or vibration due to coolant flow.
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Since we routinely use gratings having a variety of groove spacings, which require different incident beam angles, we rejected the concept of having a fixed interferometer. We therefore decided to utilize optical fiber devices to transport the beams since such fibers permit one to move the output collimators without losing critical beam alignments. The final design has proven to be flexible, useful, and extremely stable. The device has been shipped on numerous occasions by air freight and has arrived without requiring alignment.
Mechanical design
The interferometer consists of a rigid box (Fig. 1 ) that contains the more delicate components and supports rails along which a pair of collimating lenses can be moved to adjust for the distance to the specimen. Each lens is mounted on a rotary device so that the beam angle can be accurately set. The optical fibers are protected by shrouds and flexible sheaths which run to the collimating lens assemblies. Critical focusing and alignment requirements are provided for by subassemblies. Provisions are made for attachment of video or film cameras. Large format images can be made using a free standing camera. Exposure times of 1/250 sec are typical using 4x5 inch Tri-X film and the normal portable moire system having a 10-mW HeNe laser. An integral power strip is provided for use with cameras, auxiliary lights, or other accessories.
Optical Design
The optical components consist of a laser, beam expander, laser-to-optical fiber coupler, single mode, polarization maintaining fiber optic coupler (i.e., beam splitter), pair of output fibers, and pair of collimating lenses (Fig. 3) .
Laser
Although any laser is suitable so long as it meets the requirements of polarization, coherence, wavelength, and beam quality, practical considerations limit the choices to just a few. In particular, HeNe and diode lasers are desirable due to small size, low power requirements, good coherence, and the general availability of optical components and sensors suitable for use at these wavelengths.
We have to.date built fiber optic diffraction moire interferometers utilizing HeNe, diode, and argon ion lasers, although the latter was not easily portable. Additionally, we have designed non-fiber moire interferometers using pulsed ruby lasers for dynamic deformation measurements. It is quite feasible to put the laser at a remote location and conduct the laser beam to the interferometer via a long optical fiber. This latter approach may be desirable if a laser produces excessive heat or vibration due to coolant flow. Recent tests with a 20 mW, 780 nm diode laser showed that considerable vibration could be tolerated by pulsing the laser. The laser was TTL modulated at 60 Hz with various pulse widths, and synchronized to the vertical blanking interval of the CCD video camera.
Crisp interferograms were recorded at pulse widths as short as 10 microseconds without intensifier. This laser may also lend itself to phase shifting techniques in the CW mode.
Beam expander
This component is used to improve the laser -to -fiber coupling efficiency by expanding the laser beam to a diameter which can be better focused into the 5-micron fiber core.
While not essential, it permits the use of a smaller laser for the same final useful power output.
3.3.3
Laser to optical fiber coupler This device consists of a lens and mechanical positioners which hold the lens and optical fiber and permits the fiber to be positioned at the focal point of the lens. A device of great stability is required to prevent the need for constant adjustment. \ 10 mW HeNe laser
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Recent tests with a 20 mW, 780 nm diode laser showed that considerable vibration could be tolerated by pulsing the laser. The laser was TTL modulated at 60 Hz with various pulse widths, and synchronized to the vertical blanking interval of the CCD video camera. Crisp interferograms were recorded at pulse widths as short as 10 microseconds without intensifier. This laser may also lend itself to phase shifting techniques in the CW mode.
Beam expander
This component is used to improve the laser-to-fiber coupling efficiency by expanding the laser beam to a diameter which can be better focused into the 5-micron fiber core. While not essential, it permits the use of a smaller laser for the same final useful power output.
Laser to optical fiber coupler
This device consists of a lens and mechanical positioners which hold the lens and optical fiber and permits the fiber to be positioned at the focal point of the lens. A device of great stability is required to prevent the need for constant adjustment.
An additional function of this coupler is to serve as a spatial filter. Traditional spatial filters consist of a lens and a pinhole at the focus of the lens and serve to remove intensity noise in the beam. Similarly, the P.O. coupler focuses the fundamental Gaussian laser beam down to a 5-micron spot. Much of the transverse intensity variation of the beam is then distributed in a sort of halo surrounding the fiber core and is not transmitted through the fiber. This process greatly improves the quality of the interferograms and makes automated data reduction easier.
Fiber optic coupler
This item and the previous one are generally both called couplers, although their function is quite different. The FO coupler is designed to distribute the light in an entrance fiber between two or more output fibers. The ratio of the split is selectable and, in some versions, is adjustable. The system using the argon ion laser mentioned earlier used such an adjustable coupler.
This allows one to tune the laser to various output wavelengths and then compensate for the fact that the coupler split ratio is wavelength dependent.
In general, one wants the two interfering beams to be of equal intensity since this produces the best interferometric data.
The fibers and the coupler should be polarization maintaining, single mode types so as to preserve these important qualities of the the incident laser beam.
Collimating optics
A variety of collimating systems can be used.
In many of the versions built to date, consumer camera lenses have proven to be of reasonable quality and cost. To generate a collimated 50 -mm diameter beam, one should use a 200 mm f/5 lens.
The acceptance cone of an f \5 lens roughly matches the emittance cone of the fiber (Numerical Aperture of 0.1).
Smaller and brighter beams could be obtained with shorter focal length lenses.
More even intensity profiles can be had by using lenses with apertures smaller than f /5. This serves to limit the beam to the central peak of the Gaussian transverse intensity distribution, thus reducing the total intensity variation.
The collimating lenses are mounted in biaxial gimbals which also hold the output fiber termination.
The fiber -to -lens distance can be adjusted to control the collimation.
Both coarse and fine angular adjustment of the lenses is possible without disturbing the relative position of the fiber tip and lens. The lateral position of the lenses can be adjusted by sliding them along a rail.
This rather short list of components permits one to fully duplicate the functional capabilities of numerous ad hoc moire interferometers.
With a few minor adjustments, one can vary the beam spacing, which compensates for specimen distance; the beam angle which compensates for specimen grating groove spacing; the degree of collimation; the beam intensity and the beam orientation.
With planned accessories, we will be able to take simultaneous x and y displacement data, perform phase shifting interferometry, and automatically process the data.
We also hope to partially automate the beam /grating alignment process. 4 .
TYPICAL EXPERIMENT
The portable moire system has been used in numerous experiments at the INEL and has also been useful as a turn -key source of high quality collimated beams for general optics tests. Additionally, the system has been shipped on numerous occasions to various locations across the country and has always arrived well aligned.
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Fiber optic coupler
This item and the previous one are generally both called couplers, although their function is quite different. The FO coupler is designed to distribute the light in an entrance fiber between two or more output fibers. The ratio of the split is selectable and, in some versions, is adjustable. The system using the argon ion laser mentioned earlier used such an adjustable coupler. This allows one to tune the laser to various output wavelengths and then compensate for the fact that the coupler split ratio is wavelength dependent. In general, one wants the two interfering beams to be of equal intensity since this produces the best interferometric data.
Collimating optics
A variety of collimating systems can be used. In many of the versions built to date, consumer camera lenses have proven to be of reasonable quality and cost. To generate a collimated 50-mm diameter beam, one should use a 200 mm f/5 lens. The acceptance cone of an f\5 lens roughly matches the emittance cone of the fiber (Numerical Aperture of 0.1). Smaller and brighter beams could be obtained with shorter focal length lenses. More even intensity profiles can be had by using lenses with apertures smaller than f/5. This serves to limit the beam to the central peak of the Gaussian transverse intensity distribution, thus reducing the total intensity variation.
The collimating lenses are mounted in biaxial gimbals which also hold the output fiber termination. The fiber-to-lens distance can be adjusted to control the collimation. Both coarse and fine angular adjustment of the lenses is possible without disturbing the relative position of the fiber tip and lens. The lateral position of the lenses can be adjusted by sliding them along a rail.
This rather short list of components permits one to fully duplicate the functional capabilities of numerous ad hoc moire interferometers. With a few minor adjustments, one can vary the beam spacing, which compensates for specimen distance; the beam angle which compensates for specimen grating groove spacing; the degree of collimation; the beam intensity and the beam orientation. With planned accessories, we will be able to take simultaneous x and y displacement data, perform phase shifting interferometry, and automatically process the data. We also hope to partially automate the beam/grating alignment process.
TYPICAL EXPERIMENT
The portable moire system has been used in numerous experiments at the INEL and has also been useful as a turn-key source of high quality collimated beams for general optics tests. Additionally, the system has been shipped on numerous occasions to various locations across the country and has always arrived well aligned.
The latest test performed using the portable system involved gathering biaxial displacement data on diffusion bonded Ti/Ti + 6% Al + 4% V samples where the effects of tension on the bond and adjacent regions in the two materials were of interest. Six hundred 1 /mm crossed gratings (i.e., two groove patterns superimposed at 90°t o each other) were replicated on the specimen so as to cover the bond region. The specimens were then mounted in a small tensile load frame and a pair of portable systems aligned so as to give independent X and Y displacement fields (Fig. 3) . The data were recorded on both video tape and 4 x 5 sheet film. Exposure times of 1/400 second provided crisp, vibration free interferograms on film, while an electronically shuttered ccd camera permitted video exposures as short as 1/8000 sec. The moire data were correlated with load and extension data from the load frame. The experimental arrangement is shown in Fig. 4 .
4.1
Data Figure 5 shows the X and Y displacement fields obtained during various stages of the test.
The fringe patterns can be thought of as contour maps where the light and dark bands mark lines of constant in -plane displacement, and adjacent bands of the same intensity represent differences in relative displacement of about one micron. Notice how the shape and spacing of the fringes change as the load increases and how the proliferation of fringes in the pure material indicates considerable deformation occurring there. A typical test using the portable system. 32 / SPIE Vol 1162 Laser Interferometry: Quantitative Analysis of Interferograms (1989) of tension on the bond and adjacent regions in the two materials were of interest. Six hundred I/mm crossed gratings (i.e., two groove patterns superimposed at 90° to each other) were replicated on the specimen so as to cover the bond region. The specimens were then mounted in a small tensile load frame and a pair of portable systems aligned so as to give independent X and Y displacement fields (Fig. 3) . The data were recorded on both video tape and 4x5 sheet film. Exposure times of 1/400 second provided crisp, vibration free interferograms on film, while an electronically shuttered ccd camera permitted video exposures as short as 1/8000 sec. The moire data were correlated with load and extension data from the load frame. The experimental arrangement is shown in Fig. 4. Figure 5 shows the X and Y displacement fields obtained during various stages of the test. The fringe patterns can be thought of as contour maps where the light and dark bands mark lines of constant in-plane displacement, and adjacent bands of the same intensity represent differences in relative displacement of about one micron. Notice how the shape and spacing of the fringes change as the load increases and how the proliferation of fringes in the pure material indicates considerable deformation occurring there. Moire interferometry displacement fields in diffusion bonded T /Ti -6% Al -4% V. The power and quality of moire interferometry -is clearly shown by these data.
Data
The full field nature of the data permits the experimenter to simultaneously observe all of the important regions of the specimen, recording both x and y displacement fields, without the introduction of out -of -plane effects which might be hard to separate from the in -plane data.
Additionally, the quality of the data permits unambiguous interpretation, even in local regions where stress concentration may generate dense fringes.
High quality fringes are also better suited for automated data reduction routines.
Ultimately, the quantity of data represented by a typical interferogram will force one to use automated data reduction, but as long as the number of points of interest is small, manual data reduction is perfectly straightforward and simple. To find relative displacement between two points, one counts the number of fringes between the two points and multiplies by a scale factor based on the groove spacing of the grating (dx = N /2F, where dx is the relative displacement, N is the number of fringes counted between the two points, and F is the grating groove density): the wavelength of the laser is irrelevant.
Certain more complex fringe patterns may require use of prior knowledge to resolve ambiguities.
Current and future modifications
As we mentioned earlier, various versions of the fiber optic portable system have been built, and more are planned. Systems utilizing HeNe, diode, and argon ion lasers have been built; and we soon will design and construct a version utilizing a diode pumped YAG laser.
Systems generating three or four beams which can record simultaneous X and Y displacement fields are planned, as is a hand held unit with remote fiber coupled laser.
This latter unit could be used to read moire tags or displacement data in regions lacking adequate clearance for the conventional system.
In related efforts, we are developing and evaluating various automated fringe reduction systems, including automated alignment systems for the interferometer optics and use of fiducial marks on the grating to correct for orientation differences when comparing interferograms taken at different times or digitized on different video frame grab boards.
We are also planning to incorporate a phase shifting modification which will permit a substantial improvement in accuracy, as well as significant simplification of the data reduction software. 5 .
CONCLUSIONS
We have found the technique of diffraction moire interferometry to be of great usefulness and flexibility. The portable system developed to simplify the optical setup process has proven to be extremely stable and flexible and to produce high quality data. Various versions of the system have focused on different applications, while preserving the adjustability permitted through the use of flexible optical fibers over much of the optical path. The power and quality of moire interferometry*is clearly shown by these data. The full field nature of the data permits the experimenter to simultaneously observe all of the important regions of the specimen, recording both x and y displacement fields, without the introduction of out-of-plane effects which might be hard to separate from the in-plane data. Additionally, the quality of the data permits unambiguous interpretation, even in local regions where stress concentration may generate dense fringes. High quality fringes are also better suited for automated data reduction routines.
Ultimately, the quantity of data represented by a typical interferogram will force one to use automated data reduction, but as long as the number of points of interest is small, manual data reduction is perfectly straightforward and simple. To find relative displacement between two points, one counts the number of fringes between the two points and multiplies by a scale factor based on the groove spacing of the grating (dx = N/2F, where dx is the relative displacement, N is the number of fringes counted between the two points, and F is the grating groove density): the wavelength of the laser is irrelevant. Certain more complex fringe patterns may require use of prior knowledge to resolve ambiguities.
Current and future modifications
As we mentioned earlier, various versions of the fiber optic portable system have been built, and more are planned. Systems utilizing HeNe, diode, and argon ion lasers have been built; and we soon will design and construct a version utilizing a diode pumped YAG laser. Systems generating three or four beams which can record simultaneous X and Y displacement fields are planned, as is a hand held unit with remote fiber coupled laser. This latter unit could be used to read moire tags or displacement data in regions lacking adequate clearance for the conventional system.
We are also planning to incorporate a phase shifting modification which will permit a substantial improvement in accuracy, as well as significant simplification of the data reduction software.
CONCLUSIONS
We have found the technique of diffraction moire interferometry to be of great usefulness and flexibility. The portable system developed to simplify the optical setup process has proven to be extremely stable and flexible and to produce high quality data. Various versions of the system have focused on different applications, while preserving the adjustability permitted through the use of flexible optical fibers over much of the optical path.
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